Abstract In large tokamaks, disruption of high current plasma would damage plasma facing component surfaces (PFCs) or other inner components due to high heat load, electromagnetic force load and runaway electrons. It would also influence the subsequent plasma discharge due to production of impurities during disruptions. So the avoidance and mitigation of disruptions is essential for the next generation of tokamaks, such as ITER. Massive gas injection (MGI) is a promising method of disruption mitigation. A new fast valve has been developed successfully on EAST. The valve can be opened in 0.5 ms, and the duration of open state is largely dependent on the gas pressure and capacitor voltage. The throughput of the valve can be adjusted from 0 mbar·L to 700 mbar·L by changing the capacitor voltage and gas pressure. The response time and throughput of the fast valve can meet the requirement of disruption mitigation on EAST. In the last round campaign of EAST and HT-7 in 2010, the fast valve has operated successfully. He and Ar was used for the disruption mitigation on HT-7. By injecting the proper amount of gas, the current quench rate could be slowed down, and the impurities radiation would be greatly improved. In elongated plasmas of EAST discharges, the experimental data is opposite to that which is expected.
Introduction
Disruption instabilities are the most critical instabilities in fusion devices. They are complex processes in which the whole thermal and magnetic energy (tens of MJ in present-day machines) of the plasma is lost in a relatively short timescale, which not only leads to the termination of the ongoing discharge but also generates stresses in the machine in the following forms [1, 2] . a. The fast release of huge plasma energy can damage the PFCs, due to the intensive heat flux on them. b. The ohimc dissipation of plasma current can generate a large electromagnetic forces load on the electrically conducting first wall and vacuum vessel structures. c. Runaway electrons may also be generated during the current quench and result in localized surface thermal damage and erosion. In addition, disruption would also influence the subsequent plasma discharge due to production of impurities during disruptions.
So the softening of disruptions is necessary for tokamaks. A successful mitigation technique must [2] (i) redistribute the heat fluxes over a large wall surface in the thermal quench, (ii) accelerate the current decay relative to the growth time of the vertical instability and to primarily cool the halo region, (iii) prevent normal electrons convertion into runaway electrons. All of these could be achieved by injecting the proper amount of impurity before thermal quench [3] . Therefore the disruption mitigation experiments by massive gas injection are conducted on almost all large tokamaks [4∼8] .
There are two methods to inject impurity-killer pellet and massive gas injection (MGI), and massive gas injection is the most promising technique [9] . By injecting noble gas, the heat flux density will be decreased by redistributing the energy over a larger surface area, and the high particle density leads to collision frequency high enough to hinder runaway, and at the same time the high plasma resistivity will make the current decay faster. So in order to mitigate a disruption, a proper number of impurities should be introduced before disruption, and this should be accomplished in a rather short period of time [9] . The amount of injected gas is dependent on the energy of the tokamak, in the present day experiments it equals about 10 bar·L (1 bar·L=2.4×10 22 particles). In order to meet the requirement of disruption mitigation, a new kind of fast valve had been developed successfully on TEXTOR [10] based on eddy current activation. The valve starts to open 0.4 ms after a trigger signal and is fully open 1ms after the trigger signal, and after 18 ms the valve is closed again. It is fast enough to meet the requirement of disruption mitigation after trigger signals, and the valve could quickly inject a certain amount of gas. This kind of valve has been installed on TEXTOR and ASDEX Upgrade to study the influence of massive gas injection on disruption mitigation.
The Experimental Advanced Superconducting Tokamak (EAST) [11] is a non-circular advanced steadystate plasma experimental device with the following main parameters. Toroidal field B 0 =3.5 T, major radius (Geometric) R=1.75 m, minor radius a=0.4 m, and plasma current I p =1.0 MA, which has similar magnetic form to ITER, therefore the research of the influence of massive gas injection on disruption mitigation of EAST is not only important to EAST but also to ITER.
Development of the fast valve
For the purpose of studying the influence of massive gas injection on disruption mitigation of EAST, a fast valve activated by an eddy current, which is similar to the one installed on TEXTOR [10] , has been developed successfully for EAST. The schematic view of the fast valve is shown in Fig. 1(a) . The fast valve is a kind of pulse valve activated by an eddy current. According to the law of electromagnetic induction, when a current in a coil is changed, the conductor around the coil will be subjected to electromagnetic force, as shown in Fig. 1(b) .
To sketch the whole ideal work cycle of the fast valve, in the initial state, both of the two chambers are filled with high pressure noble gas, where the pressure could be adjusted from 1 bar to 30 bar, so the valve is closed due to the pressure imbalance on the orifice surface, as shown in Fig. 1(a) . When a pulse current (as shown in Fig. 2 , generated by capacitance bank) passes through the coil, according to the law of electromagnetic induction, the piston will be subjected to a strong electromagnetic repulsive force (as shown in Fig. 3 ), hence the piston can be suddenly accelerated by the repulsive force and the valve will be opened quickly, but the force will last no more than 0.2 ms, as shown in Fig. 2 , and thus after the disappearance of the force (0.2 ms later) the piston will come back to the original position by pressure imbalance, and one work cycle is completed.
In order to improve the movement flexibility of the piston, there are no O-rings around the piston, in fact, the gas could get into one chamber from another one through the gap between the piston and limit hole, so the friction will be decreased, and the movement of the piston will be more flexible. The gas in the two chambers have the same pressure, which is different from the one in TEXTOR [10] . Fig.2 The pulse current in pancake coil when the voltage is 4000 V (color online) Fig.3 Electromagnetic force at different voltages, the pulse time is very short (less than 0.2 ms), so the valve piston will suffer a strong moment impulse, and the valve will be opened very quickly (color online)
Characteristics of the fast valve
One main characteristic is that the piston does not make use of any ferromagnetic materials, so it could be operated in a strong steady magnetic field, which is very important, and the valve can thus be connected directly with the device through a flange. Another characteristic is that the valve has a short response time, the valve could be opened within 0.5 ms, as shown in Fig. 4 , and the throughput of the fast valve could be adjusted from 0 mbar·L to 700 mbar·L, as shown in Fig. 5 .
Response time and throughput are two key characteristics of the fast valve. In order to calibrate them accurately, a kind of non-contact displacement measurement sensor-magnetic ruler was chosen to make the measurement. The displacement sensor was connected to the piston, so when the piston is raised up, the displacement sensor will be raised up too, and there will be a signal output; the time interval between the trigger and the sensor signals is the response time of the fast valve. From the experiment we could conclude that after the trigger signal, the valve could be opened in 0.5 ms and the full open time is strongly dependent on the pressure of gas and the voltage of capacitor. Fig.4 The open characteristics of the fast valve. The valve starts to open 0.5 ms after a trigger signal, and after 16 ms the valve is closed again Fig.5 The relationship between throughput and voltage and gas pressure: the throughput of the fast valve is dependent on the voltage and gas pressure, by adjusting voltage and gas pressure, it is easy to change the throughput. The curves with different colors represent different voltages
The duration of the open state and the throughput of the valve are also strongly dependent on the gas pressure and the voltage. In order to calibrate the throughput of the fast valve, a test bench was assembled with a container of 100 L in volume serving as the target vessel, in which one could easily make direct measurement of the pressure increase in the target volume after the shot. The throughput of the fast valve is shown in Fig. 5 for different voltages and different gas pressures, which could be adjusted from 0 mbar·L to 700 mbar·L, and this valve was proved to be able to absolutely meet the requirement of disruption mitigation on EAST.
The kinetic energy of the piston is provided by the impulse capacitor, and the stored energy of the impulse capacitor is determined by C (the capacitance of impulse capacitor) and U (the voltage of impulse capacitor) in the form of 1 2 CU 2 ; so by increasing the value of capacitance and voltage of capacitor, the stored energy of the capacitor could be increased, and then the throughput of the fast valve could be increased to a high level to meet the requirement of ITER.
Application of the fast valve
The fast valve has been applied in the last round of experiments of HT-7 and EAST in 2010. The way it delivers gas is different in the two experiments. On EAST, a tube (length : 1.7 m, diameter : 18 mm) was chosen to connect with the valve (Fig. 6) , and the outlet of the tube is near the plasma boundary. But on HT-7, the valve was connected directly with the port of the device. All the gas was injected during the flat top of discharge. Fig.6 The tube installed on EAST for gas injection (color online)
Experimental results on HT-7
On HT-7, we only adopted helium as working gas, and the plasma is circular plasma, the plasma parameters are: Ohmic discharge, plasma current I p : 130 kA, B t : 1.8 T, plasma density n e : 1.4×10 19 m −3 . A general overview of timing of the gas-plasma interaction is shown in Fig. 7 . The fast valve was triggered at 500 ms. After the trigger signal, 2.2 ms later, the gas hit the edge of the plasma, and the boundary temperature of the plasma began to drop, as shown in Fig. 7(e) , and about 4.2 ms later, the central temperature began to drop too. At the same time the absolute extreme ultraviolet (AXUV) photodiodes radiation was enhanced rapidly, and finally came the current quench.
Different amounts of injection gas have different effects on disruption mitigation. By changing the amount of injection gas, the current quench rate was changed, as shown in Fig. 8(a) . In circular plasmas' discharge, the eddy current will be generated during current quench; by prolonging the current quench, the eddy current can be decreased, so the electrical force load will be reduced.
When the proper amount of noble gas is injected into the plasma, the density rises gently and lasts longer, which decreases the current quench rate and loop voltage, hence the electrical force load and the runaway electrons will be decreased too, as shown in Fig. 8(c) . Runaway electrons are a key issue during disruption, which will damage the PFCs. In HT-7 experiments, we found that if we inject an excessive amount gas, the plasma will shut down quickly, and the hard X-ray is weak, which is easy to understand; but in circular plasmas' discharge, quick shutdown will make the machine suffer a big electromagnetic force load. In experiments we found that by gradually reducing the amount of injection gas, when the quantity of gas was reduced to a certain extent, the hard X-ray radiation began to drop to a low level, as shown in Fig. 8(d) . So, by injecting the proper amount of noble gas, all three types of damage of disruption could be mitigated.
Deeper penetration of noble gas is beneficial for disruption mitigation [12] , and we could get the approximate penetration depth from ECE signal and XUV signal, as shown in Fig. 9 . From these two figures we found that the injected gas could get to the boundary of plasma only, and the penetration depth is merely 5 cm or so. Fig.9 Penetration depth of noble gas. (a) The variation of ECE after injection, (b) The variation of AXUV radiation after injection. From these two figures we could conclude that the injected gas could get to the boundary of plasma only (color online)
Experimental results on EAST
On EAST, we adopted two kinds of noble gas as working gas, helium and argon, and the plasma parameters are: Ohmic discharge, elongated plasma, plasma current I p : 500 kA; B t : 2 T; plasma density n e : 5.0×10
19 m −3 , and the valve was triggered at 4 s. In elongated plasmas, especially in vertical displacement event (VDE), a halo current will be generated [13] , so the device will suffer a strong electromagnetic force load (EM load). In order to minimize the EM load, one wants to shorten the current decay phase as much as possible. The shortening of the decay phase will, however, result in an increase of the loop voltage. With increasing loop voltage, the critical electrical field for the onset of runaway generation may be exceeded, so the runaway electrons will be generated. Therefore the two goals of mitigation may conflict.
In our experiments, by injecting noble gas, the current quench would be prolonged, as shown in Fig. 10 . In order to reduce the measurement error, the quench time is calculated as the time interval during which the plasma current falls by 90% of its pre-disruptive value. The experimental data is opposite to the expectation, that is to say, injecting noble gas will increase the current decay phase, which is unfavorable to the minimization of the force load due to halo current. Fig.10 Different rates of current quench after injection of impurities in elongated plasmas. In shot 36800 more gas is injected than in shot 36804, and in shot 36792 no gas is injected (color online) Fig.11 Different delay for different impurities. All the gas was injected at the same time, the current will be decreased at first, then the current will have a negative spike. The case of Ar-injection has a 7 ms delay relative to He-injection (color online)
The speed of injection gas is related to the quality of gas in the form of V ∝
(M is the molecular weight of gas), so the velocity of He (M =4) is faster than Ar (M =40), which we could get from the plasma current waveform as shown in Fig. 11. From this figure we could conclude that the case of Ar-injection has 7 ms delay relative to He-injection.
Discussion and conclusion
This paper presents a new type of fast valve, which could be opened within 0.5 ms after a trigger signal, and the amount of injected gas could vary from 0 mbar·L to 700 mbar·L by adjusting the capacitor voltage and gas pressure. The successful development of the fast valve provides a reliable tool for the research of plasma disruption mitigation on EAST. The fast valve should be sufficient to mitigate several negative effects of disruptions even if they are detected accurately. By increasing the value of C and U of the capacitor, the stored energy of the capacitor could be increased, then the throughput of the fast valve could be increased to a high level to meet the requirement of ITER. MGI experiments on HT-7 and EAST have drawn similar conclusions on other devices, in circular plasmas, the current quench rate could be slowed down by injecting the proper amount of noble gas, and the impurities radiation would be greatly improved. But on EAST, in elongated plasmas, the experimental data is opposite to the expectation, the injected gas slows down the current quench rate too.
